We show here a successful case study of applying 3D model-based water-layer demultiple (MWD) for shallow water data from West Africa. 3D MWD (Wang et al., 2011) is especially useful when the water-bottom is recorded beyond the critical angle, when the water depth is roughly less than half the near offset. We show that in such an environment, 3D MWD provided an advantageous alternative to 3D SRME (Verschuur et al, 1997) for removing water-layer-related multiples. We also show that the simultaneous subtraction of the 3D MWD and SRME models better attenuates the multiples than the separate subtraction of the two models.
Introduction
3D MWD is a new technique for modelling the water-layer-related multiple and is especially useful in shallow water. Removing these multiples from shallow water data using 3D SRME alone is usually much more problematic for several reasons, some of which are acquisition-related. The 3D SRME process uses the recorded data to predict multiples. To obtain an accurate multiples prediction from 3D SRME on shallow water data, the distance between the shot and receiver needs to be minimized in order to record near offsets below the critical angle. Dense shot and receiver grids along both inline and crossline directions are also needed to ensure that shallow primary reflections are not aliased. 3D MWD uses recorded data and Green's functions based upon the water-bottom to predict water-layer related multiples, which make the acquisition requirements less stringent. Note that 3D SRME is run with the water-bottom unmuted, and still predicts all free surface multiples.
Once the multiple models are predicted by 3D SRME or 3D MWD, the models are adaptively subtracted from the original data. Compared with the 3D SRME multiple model, the 3D MWD multiple model has several advantages: 1) because 3D MWD convolves recorded data with a Green's function, 3D MWD does not square the spectral content of the data, like 3D SRME; 2) 3D MWD avoids cross-talk between multiples, since it doesn't convolve high-order multiples with multiples, like 3D SRME. This leads to easier adaptive subtraction. The parameter selection for the adaptive subtraction remains nevertheless critical. The window size needs to be small enough so that both the multiples and the primaries that generated them are not included in the same window. This will maximize the multiple subtractions and minimize any damage to the primaries. This paper presents the successful application of 3D MWD to shallow water data acquired offshore West Africa. We will show that in this case 3D MWD is better suited than 3D SRME to attenuate the water-layer related multiples.
Field data presentation
The field data was acquired in offshore West Africa. The water bottom depth varies in the area from about 25m to about 100m. The survey was designed to record high resolution data with flip/flop guns at a 12.5m shot interval (i.e. 25m per gun). The sail line interval in the crossline direction is 200m. By contrast, the shot interval for deep-water surveys is typically 50m to 75m within an inline and 300m to 500m along a crossline. The inline receiver interval for the survey is 12.5m, while the streamer separation is only 50m. Again, this is denser than those for a conventional marine survey which usually have a receiver grid of 12.5x100m. Furthermore, the nearest channel at the center cable is only 37m from the source, which is much smaller than the 200m to 300m typically used for surveys in deep water. The shot and receiver configuration defines the natural bin size of 6.25x12.5m, the nominal fold of 48, and the offset range of 37m-2430m. This dense acquisition design makes it quite favourable for 3D SRME as presented previously (Egozi et al., 2011) . Figure 1 shows the basic principle of SRME (Verschuur and Berkhout, 1997) . Based on the ray paths shown in green, the source side first-bounce multiple (S1R2) can be predicted by convolving the primaries S1R1 with S2R2. Ideally, the shot interval needs to be the same as the receiver interval for optimal SRME prediction. The design of our acquisition is favourable since the flip/flop shot interval of 12.5m is the same as the receiver interval.
The ray path (S1R2) in red (Figure 1) indicates a water-bottom reflection past the critical angle, meaning it is contaminated with refracted energy. Because refracted energy is associated with very limited kinds of multiples, any reflections at an angle beyond critical would not be useful for SRME to predict water-layer related multiples. Given a water depth of 30m, the water-bottom is recorded below the approximately critical angle of 45 degrees at a maximum offset of 60m. Table 1 shows the field data near offsets distribution per cable per channel for Gun-1. Since each cable represents an inline, this table shows that most of the inlines (i.e. a shot and cable pair) mostly contain offsets beyond the critical angle, and very little data below the critical angle (the 3 channels in yellow boxes). Having recorded some near offset energy below the critical angle is quite uncommon and makes the acquisition still better suited for 3D SRME than most acquisitions in shallow water. 
3D MWD versus 3D SRME
One advantage of 3D MWD is that it can generate a usable water-layer related multiple model even when the water-bottom is not recorded below the critical angle. In this case, the water-bottom arrival time can be determined by the delay between the higher-order water-bottom multiples. On the other hand 3D SRME, which uses only the data to predict the multiples, will suffer from the recording of water-bottom refracted energy at some of the nearest offsets. Figure 2 compares the results of multiple subtraction of 3D MWD with 3D SRME. A comparison of Figures 2b and 2c shows that 3D MWD was more effective in attenuating water bottom multiples than 3D SRME.
The second advantage of 3D MWD is that it generates less cross-talk than 3D SRME because it uses Green's functions instead of data to predict the multiples. Figure 3 shows the input and predicted multiples models by 3D MWD and 3D SRME. Again, we can see that the model generated by 3D MWD was simpler and cleaner, leading to a better subtraction of the deeper water-layer-related multiples.
Once the predicted multiple models are created, adaptive subtraction needs to be done to remove the multiples from the raw data (Guo, 2003) . Even though we have shown that 3D MWD can predict the water-layer multiples better than 3D SRME, 3D SRME was still needed to attenuated longer period free surface multiples. By providing both the 3D MWD and 3D SRME models to the adaptive subtraction process we showed that this simultaneous subtraction could provide a better result than using the 3D SRME model by itself (Figure 4 ).
Conclusions
Surface-related multiples in a shallow water environment can be very challenging to attenuate if data is not adequately acquired. This case study from West Africa demonstrates how 3D MWD can help overcome the limitations of acquisition, and successfully attenuate the water-layer multiples. We showed that even on the favourable acquisition for 3D SRME, 3D MWD was able to better predict the water-layer multiples. Since 3D SRME is still needed to attenuate longer period multiples we showed that a simultaneous subtraction using both 3D MWD and 3D SRME models could give a better result than subtracting these models from the input separately. 
